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ABSTRACT
Studies of the early chemical evolution of some larger dwarf galaxies (> 107 M) are limited by
the small number of stars known at low metallicities in these systems. Here we present metallicities
and carbon abundances for eighteen stars with metallicities between −3.08 ≤ [Fe/H] ≤ −1.47 in the
Sagittarius dwarf spheroidal galaxy, using medium-resolution spectra from the MagE spectrograph on
the Magellan-Baade Telescope. This sample more than doubles the number of known very metal-poor
stars ([Fe/H] ≤ −2.0) in the Sagittarius dwarf galaxy, and identifies one of the first known extremely
metal-poor stars ([Fe/H] ≤ −3.0) in the system. These stars were identified as likely metal-poor
members of Sagittarius using public, metallicity-sensitive photometry from SkyMapper DR1.1 and
proper motion data from Gaia DR2, demonstrating that this dearth of metal-poor stars in some dwarf
galaxies can be addressed with targeted searches using public data. We find that none of the stars in
our sample are enhanced in carbon, in contrast to the relative prevalence of such stars in the Milky
Way halo. Subsequent high-resolution spectroscopy of these stars would be key in detailing the early
chemical evolution of the system.
Keywords: galaxies: dwarf— galaxies: individual (Sgr dSph) — Local Group — stars: abundances
1. INTRODUCTION
The Milky Way’s metal-poor stars1 are a nearby win-
dow to the high-redshift universe. The natal chemical
composition of these ancient stars is generally preserved
in their stellar atmospheres. Accordingly, their chem-
ical abundances trace the formation of the first heavy
elements (see review Frebel & Norris 2015) and can be
used to infer the properties (e.g., initial mass function,
explosion energy, chemical yields) of the First Stars and
supernovae that drove early nucleosynthesis (Heger &
Woosley 2010; Ishigaki et al. 2018). The chemical abun-
dances of metal-poor stars also reflect the early evolu-
tion of their host galaxies, since an interplay of several
Corresponding author: Anirudh Chiti
achiti@mit.edu
∗ This paper includes data gathered with the 6.5 m Magellan
Telescopes located at Las Campanas Observatory, Chile.
1 Defined as [Fe/H] ≤ −1 dex, where [Fe/H] =
log10(NFe/NH)? − log10(NFe/NH) (Beers & Christlieb 2005;
Frebel & Norris 2015).
galactic properties, including star formation efficiency,
accretion, and feedback, drives chemical evolution (Tol-
stoy et al. 2009; Romano & Starkenburg 2013; Kirby
et al. 2013).
In this context, the Milky Way’s satellite dwarf galax-
ies are prime environments to identify and chemically
characterize metal-poor stars to learn about early galac-
tic environments. These systems span a range of masses
(∼ 105 M to ∼ 1011 M; e.g., Walker et al. 2016; Simon
2019; Erkal et al. 2019) and thus allow the investigation
of early chemical evolution in a variety of self-contained
environments. Furthermore, analogs of these surviving
satellite dwarf galaxies may have been accreted onto the
Milky Way to form the old stellar halo. Accordingly, di-
versity in the chemical abundances of very metal-poor
([Fe/H < −2.0) stars in the Milky Way halo may be
explained by its assembly from smaller galaxies (Dea-
son et al. 2016; Brauer et al. 2019). To fully test this
claim, and then consequently isolate the environments
that produce the chemical signatures we observe in the
oldest, most metal-poor stars, it is necessary to identify
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large samples of similarly metal-poor stars in the Milky
Way’s satellite dwarf galaxies.
However, the most metal-poor population ([Fe/H] .
−2.5) of the most massive Milky Way dwarf spheroidal
(dSph) galaxies (> 107 M) remains sparsely character-
ized, as galaxies with larger masses have much higher
average metallicities (Kirby et al. 2013). Only 55 stars
with [Fe/H]< −2.5 known across all dSphs have detailed
chemical abundance measurements available (Shetrone
et al. 2001; Fulbright et al. 2004; Aoki et al. 2009,
2020; Cohen & Huang 2009, 2010; Frebel et al. 2010;
Tafelmeyer et al. 2010; Kirby & Cohen 2012; Venn et al.
2012; Ural et al. 2015; Simon et al. 2015a; Jablonka
et al. 2015; Hansen et al. 2018; Theler et al. 2019),
with the majority in just two systems: the Sculptor
and Sextans dSphs. Identifying more such metal-poor
stars across all dSphs is informative when addressing the
aforementioned questions, especially since these larger
dwarf galaxies are thought to have contributed the most
stars to the Milky Way halo (Deason et al. 2016).
Here we present the results of a targeted search for
very metal-poor stars in the Sagittarius dSph (Ibata
et al. 1994, 1995). Sagittarius is the most massive
known satellite dwarf spheroidal galaxy of the Milky
Way (∼ 4 × 108 M; Vasiliev & Belokurov 2020). It
has only a handful of known very metal-poor stars (Bel-
lazzini et al. 2008; Mucciarelli et al. 2017; Hansen et al.
2018; Chiti & Frebel 2019), due to a prominent metal-
rich (〈[Fe/H]〉 ∼ −0.5) component of its stellar popu-
lation (Mucciarelli et al. 2017). A detailed abundance
analysis of just three of these very metal-poor stars in
Hansen et al. (2018) already hinted at some similari-
ties to the chemical abundances of very metal-poor stars
in the Milky Way halo. It also challenged claims of a
top-light initial mass function as suggested by its more
metal-rich population (e.g., McWilliam et al. 2013). To
further investigate the early evolution of this system, we
present metallicities and carbon abundances for eigh-
teen red giant metal-poor stars in the Sagittarius dSph
that were identified using metallicity-sensitive SkyMap-
per photometry (Keller et al. 2007; Wolf et al. 2018) and
Gaia DR2 proper motions (Gaia Collaboration et al.
2016, 2018) following Chiti & Frebel (2019). Notably,
we identify nine stars with [Fe/H] ≤ −2.0, one of which
is one of the first known extremely metal-poor stars
([Fe/H] < −3.0) in the system2.
This paper is organized as follows. In Section 2, we
provide an overview of our observations; in Section 3, we
2 While under consideration, we became aware of a recent ho-
mogenous re-analysis of dSph stars in Reichert et al. (2020) that
had also recovered an extremely metal-poor star in Sgr.
outline our methodology in deriving stellar parameters
and chemical abundances. We discuss the implications
of our results on the early evolution of the Sagittarius
dSph in Section 4, and summarize our work in Section 4.
2. TARGET SELECTION & OBSERVATIONS
We identified metal-poor candidate members of the
Sagittarius dwarf spheroidal galaxy (dSph) following
the criteria in Chiti & Frebel (2019), which we briefly
outline here. We retrieved photometric data from the
SkyMapper DR1.1 catalog (Wolf et al. 2018) on all
sources within three degrees of the center of the Sagit-
tarius dSph. This dataset includes photometric data
obtained through the metallicity-sensitive SkyMapper v
filter (Bessell et al. 2011; Da Costa et al. 2019), which is
also sensitive to surface gravity when compared to pho-
tometry from the SkyMapper u filter (Murphy et al.
2009). We thereby derived metallicities and surface
gravities for all of these sources using the methods de-
scribed in Chiti et al. (2020) and identified likely metal-
poor giants ([Fe/H] < −2.0 and log g < 3.0) for obser-
vations. We note that the photometric metallicities for
these stars had large uncertainties (∼ 0.75 dex) due to
the large uncertainties on the SkyMapper u and v pho-
tometry at the magnitudes (g ∼ 15.5 to g ∼ 17.5) of
these stars. As a result, we regarded these metallicity
and surface gravity cuts effectively qualitative selection
criteria.
To increase the likelihood of membership, we se-
lected the subset of these metal-poor giants with
Gaia DR2 proper motions (Gaia Collaboration et al.
2016, 2018) near the systemic proper motion of the
Sagittarius dSph. The proper motion ranges of
−4.2 mas/yr < µα < −1.90 mas/yr and −2.15 mas/yr <
µδ < −0.85 mas/yr were used to select likely members
for the first night of observations. These criteria were
narrowed to −3.6 mas/yr < µα < −2.70 mas/yr and
−1.6 mas/yr < µδ < −1.2 mas/yr on subsequent nights
to ensure a purer sample of members, since a number
of non-members were observed near the bounds of our
original proper motion cut. We then generated a color-
magnitude diagram of these remaining candidates using
SkyMapper g and i photometry. We chose to observe
candidates that were within (g − i) ± 0.30 of a 10 Gyr,
[Fe/H] = −2.0 isochrone from the Dartmouth Stellar
Evolution Database (Dotter et al. 2008) placed at the
distance modulus of the Sagittarius dSph (16.97; Kun-
der & Chaboyer 2009). A color-magnitude diagram of
stars fulfilling these selection criteria is shown in Fig-
ure 1.
We obtained spectra of 37 of these metal-poor can-
didate members using the Magellan Echellette (MagE)
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Table 1. Observations
Name RA (h:m:s) DEC (d:m:s) g texp S/N
a vhelio
(J2000) (J2000) [mag] [s] [km s−1]
Sgr-300 18:44:26.84 −29:37:56.09 15.82 480 40,85 132
Sgr-265 18:44:56.86 −31:12:01.84 16.09 480 40,75 165
Sgr-180 18:48:43.24 −31:46:26.82 15.66 420 25,55 152
Sgr-157 18:48:51.47 −31:35:21.58 17.30 1200 30,40 133
Sgr-298 18:49:32.88 −32:44:26.81 17.46 1200 30,40 165
Sgr-91 18:51:44.32 −29:30:38.85 16.17 540 40,65 125
Sgr-69 18:52:48.45 −29:32:23.42 15.56 480 45,95 129
Sgr-48 18:56:26.25 −31:21:23.61 15.83 480 45,85 142
Sgr-81 18:56:52.64 −31:43:07.51 17.39 900 25,40 138
Sgr-38 18:57:27.66 −31:07:39.87 16.26 540 40,65 150
Sgr-139 18:57:50.62 −29:00:29.93 17.35 1200 40,50 119
Sgr-198 18:57:51.93 −28:37:08.95 15.95 480 25,70 138
Sgr-141 18:59:07.78 −29:08:15.52 16.31 540 35,60 118
Sgr-62 18:59:13.41 −31:12:39.45 16.16 480 35,60 157
Sgr-182 19:00:50.31 −29:04:53.46 17.41 1200 35,50 117
Sgr-136 19:00:53.93 −29:28:38.09 15.68 480 45,90 155
Sgr-162 19:02:12.05 −31:29:37.94 17.40 1200 40,60 156
Sgr-215 19:04:30.07 −29:56:14.05 16.26 540 45,55 130
Sgr-225 19:05:06.80 −30:19:22.89 16.00 480 45,75 120
Sgr-333 19:07:29.65 −29:58:01.35 16.08 480 40,70 126
aS/N per pixel is listed both for 4500 A˚ and 8500 A˚
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Figure 1. A color-magnitude diagram of all stars within
three degrees of the center of the Sagittarius dSph that pass
the photometric metallicity, surface gravity, and proper mo-
tions criteria listed in Section 2. A 10 Gyr, [Fe/H] = −2.0
isochrone from the Dartmouth Stellar Evolution Database
(Dotter et al. 2008) is over plotted for reference. Stars in red
are within (g− i)± 0.30 of the isochrone, and stars in yellow
are outside those bounds.
Spectrograph (Marshall et al. 2008) on the Magellan-
Baade telescope during the nights of August 3-5, 2019.
Targets were observed with the 0.′′7 slit and 1x1 bin-
ning, granting a resolution of R ∼ 6700 over a broad
wavelength range of 3200 A˚ to 10000 A˚. The seeing was
excellent (∼0.′′6) throughout these observations. A spec-
trum of a ThAr calibration arc lamp was obtained af-
ter slewing to each target for wavelength calibration
purposes. Our observations were reduced using the
Carnegie Python pipeline (Kelson 2003)3.
Twenty-one stars that we observed were determined to
be members of the Sagittarius dSph (see Section 3.1). Of
these members, we excluded the following from further
analysis: one spectroscopic binary system and two stars
with distorted Hα absorption lines. This resulted in
18 members for which we derived chemical abundances.
Details of the observations of these 18 members are pro-
vided in Table 1.
3. ANALYSIS
3 https://code.obs.carnegiescience.edu/mage-pipeline
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3.1. Radial Velocity Measurements
We derived radial velocities by cross-correlating our
spectra with a template spectrum of the metal-poor gi-
ant HD122563 that was obtained on the second night
of data collection. The rest velocity of HD122563 was
assumed to be −26.51 km s−1 (Chubak et al. 2012),
and the cross-correlation was performed over the Mg
b absorption region (4900 A˚ to 5400 A˚). We further per-
formed a cross-correlation over the Telluric A-band ab-
sorption region (7590 A˚ to 7710 A˚) between our spectra
and a template spectrum of the hot, rapidly rotating
giant HR4781 to correct for any slit mis-centering. We
note that this template spectrum of HR4781 was ob-
tained with the IMACS instrument (Simon et al. 2017),
but was then smoothed to the resolution of our MagE
spectra (R ∼ 6700). We calculate heliocentric velocity
corrections using the SkyCoord function in the Astropy
package (Astropy Collaboration et al. 2013). These
methods resulted in a systematic velocity uncertainty
of ∼3 km s−1, as determined by repeat observations of
other dwarf galaxy stars in this observing mode (Chiti
et al. 2020, subm.). Table 1 lists our final velocity mea-
surements.
We used these radial velocity measurements to deter-
mine whether the stars in our sample were members of
the Sagittarius dSph. The known stars in the bulge
of the Sagittarius dSph display a systemic velocity of
141 km s−1 and a velocity dispersion of 9.6 km s−1 (Bel-
lazzini et al. 2008). We find that the majority of our
targets indeed lie within three times the velocity disper-
sion of this systemic velocity (111 km s−1 to 171 km s−1).
We identify those stars as members and classify the rest
as nonmembers (see Figure 2). The uncertainties in our
velocity measurements are roughly equal to the system-
atic uncertainty (∼ 3 km s−1), which is small relative to
the velocity dispersion assumed for the Sagittarius dSph.
3.2. Stellar Parameters
We closely follow the methodology presented in Chiti
& Frebel (2019) to derive the stellar parameters (Teff,
log g) of the stars in our sample. Namely, we matched
the SkyMapper g − i colors of our stars to those colors
in a 10 Gyr, [Fe/H] = −2.0 isochrone from the MESA
Isochrones & Stellar Tracks database (Dotter 2016; Choi
et al. 2016; Paxton et al. 2011, 2013, 2015, 2018) and
retrieved the corresponding stellar parameters. These
colors were de-reddened following Wolf et al. (2018) us-
ing maps from Schlegel et al. (1998). As reported in
Chiti & Frebel (2019), applying this method on the sam-
ple of metal-poor Sagittarius dSph stars with already
known stellar parameters derived from high-resolution
spectroscopy in Hansen et al. (2018) results in stellar
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Figure 2. Histogram of the heliocentric radial velocities of
stars in our sample. The blue portion of the histogram repre-
sents the stars that we classify as members of the Sagittarius
dSph, as determined by restricting radial velocity values be-
tween 111 km s−1 and 171 km s−1.
parameters that are in good agreement with those spec-
troscopic stellar parameters and thus validates this ap-
proach. With our particular choice of isochrone, this
method, on average, leads to a marginally larger Teff of
47 K and log g of 0.4 dex than those reported in Hansen
et al. (2018). We note that these stellar parameter esti-
mates are relatively insensitive to the assumed metal-
licity of the isochrone. Increasing metallicity of the
isochrone by 0.5 dex decreases the derived Teff by only
∼ 40 K.
The standard deviation of the Teff residuals with re-
spect to Hansen et al. (2018) is 170 K. We adopt this
value, subtracted in quadrature by the Teff measure-
ment uncertainty of 50 K in Hansen et al. (2018), as
our systematic uncertainty in Teff. Propagating this sys-
tematic uncertainty to log g results in a log g systematic
uncertainty of 0.25 dex. Random uncertainties were de-
rived by propagating photometric uncertainties in the
public SkyMapper photometry to these stellar parame-
ter derivations. The total uncertainty was taken as the
quadrature sum of the systematic and random uncer-
tainties.
3.3. Metallicity Analysis
We derived metallicities for the stars in our sam-
ple using independently the Ca II K absorption feature
(∼3933.7 A˚), the Mg b absorption region (∼5180 A˚), and
the calcium triplet absorption features (∼ 8500 A˚). The
methods for deriving each of these metallicities are de-
scribed below. The metallicities we derive are shown in
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Table 2, and sample spectra are shown in Figure 3. A
histogram of our final metallicities is shown in Figure 5.
3.3.1. Ca II K line
We follow the calibration of Beers et al. (1999) to de-
rive metallicities from the Ca II K absorption line at
∼ 3933.7 A˚. This calibration requires B − V colors and
a measure of the strength of the Ca II line known as the
KP index, which is an estimate of the pseudo-equivalent
width of the feature. We derive the KP index following
exactly the procedures presented in Beers et al. (1999).
The B − V colors of these stars were derived by first
transforming SkyMapper g and r photometry to the
Pan-STARRS system using a sample photometry of F,
G, and K stellar type stars from the SkyMapper web-
site (Pickles 1998). We then used the transformations
in Tonry et al. (2012) to convert from Pan-STARRS g
and r photometry to B − V colors.
We note that we excluded Ca II K metallicity es-
timates if the procedure returned a value of [Fe/H]
> −1.5. This is the metallicity regime where the Ca
II K line saturates (see top left panel of Figure 3) and
no longer produces accurate metallicity estimates. This
led to removal of metallicities of three stars: Sgr-62,
Sgr-136, and Sgr-141. Finally, we note that the Beers
et al. (1999) calibration assumes a [Ca/Fe] = 0.4 when
[Fe/H], given that this is a calibration for Milky Way
halo stars. We assume the same for these Sagittarius
dSph stars, given the general agreement in the [Ca/Fe]
values between halo stars and Sagittarius dSph metal-
poor stars found by Hansen et al. (2018). Uncertainties
in the metallicities of these stars were derived as the
quadrature sum of the systematic uncertainty provided
in Beers et al. (1999), and the random uncertainties
propagated by shifting the continuum and from prop-
agating the uncertainty in the B − V color.
3.3.2. Mg b line triplet lines
Metallicities were derived from the Mg b line region
(5150 A˚ to 5190 A˚) via standard spectral synthesis tech-
niques, following Chiti & Frebel (2019). We do note
that several previous studies have used the Mg b re-
gion to derive metallicities of stars in dwarf galaxies (Si-
mon et al. 2015b; Walker et al. 2015, 2016). Specifi-
cally, synthetic spectra were generated using the 2017
version of the MOOG 1D LTE radiative transfer code
(Sneden 1973; Sobeck et al. 2011), the Kurucz model
atmospheres (Castelli & Kurucz 2004), and a linelist
combining data from Kurucz (2011) and Sneden et al.
(2009, 2014, 2016). The [Mg/Fe] in these syntheses was
set as [Mg/Fe] = 0.3, matching the general [α/Fe] trend
for metal-poor stars in Sagittarius (Hansen et al. 2018).
These syntheses were performed within the SMH soft-
ware (Casey 2014), which enabled the visual identifica-
tion of the synthetic spectrum that best matched each
observed spectrum. The [Fe/H] of the best matching
synthetic spectrum was taken as the [Fe/H] of the ob-
served spectrum.
The random uncertainty from the fitting procedure
was assumed to be the difference in [Fe/H] when requir-
ing to encompass the noise in the observed spectrum
with synthetic spectra. The systematic uncertainty was
determined by re-deriving metallicities after shifting the
Teff and log g values by their 1σ uncertainties. The to-
tal uncertainty was assumed as the quadrature sum of
the random and systematic uncertainties. We note that
additional uncertainty from variations in the [Mg/Fe] is
likely far less than our total uncertainties (∼ 0.35 dex).
Sagittarius stars with [Fe/H] < −1.5 in Hansen et al.
(2018) have a scatter of ∼ 0.15 dex in their [Ca/Fe].
Since Mg, like Ca, is an α-element, this suggests a sim-
ilarly low scatter in the Mg abundances relative to our
uncertainties.
3.3.3. Calcium triplet lines
We derived metallicities from the calcium triplet lines
using the calibration of Carrera et al. (2013). This cal-
ibration relates the metallicity of a star to its absolute
V magnitude and the sum of the equivalent widths of
the three calcium triplet lines at 8498 A˚, 8542 A˚, and
8662 A˚. We calculated these equivalent widths by fitting
the Voigt1D model in the python astropy package (As-
tropy Collaboration et al. 2013) to each line. Absolute
V magnitudes were derived following the color transfor-
mations described in Section 3.3.1, along with an up-
dated distance modulus of the Sagittarius dSph (17.10,
Ferguson & Strigari 2020). Random uncertainties were
determined by re-deriving the metallicity after varying
the continuum by 1σ, as determined by the signal-to-
noise of the spectrum. Systematic uncertainties were
assumed to be 0.17 dex following Carrera et al. (2013).
Total uncertainties were derived as the quadrature sum
of the random and systematic uncertainties.
3.3.4. Final metallicity values & validation
We derived final metallicity values by taking the aver-
age of the three metallicity estimators (see Sections 3.3.1
to 3.3.3), weighted by the inverse square of their uncer-
tainties. The final uncertainty was taken as the uncer-
tainty in the weighted average. Final metallicities and
uncertainties are presented in Table 2.
To validate our metallicities, we also derived metal-
licities for four metal-poor giant stars (HD21581,
HD216143, HD122563, and CS22892-052) that we ob-
served with the same MagE observational setup. We
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obtained metallicities for these stars following the afore-
mentioned methods, and obtained the following val-
ues: [Fe/H] = −1.60 ± 0.15 for HD21581, [Fe/H] =
−2.25 ± 0.15 for HD216143, [Fe/H] = −2.67 ± 0.13 for
HD122563, and [Fe/H] = −3.01±0.14 for CS22892-052.
These metallicities all agree within 1σ of the literature
metallicities of these stars, which are [Fe/H] = −1.70
for HD21581 (Roederer et al. 2014), [Fe/H] = −2.15 for
HD216143 (Boeche & Grebel 2016), [Fe/H] = −2.79 for
HD122563 (Frebel et al. 2013), and [Fe/H] = −3.08 for
CS22892-052 (Frebel et al. 2013).
In Figure 3, we provide a visual comparison of the
spectra of three of these metal-poor giants to selected
Sagittarius members with similar stellar parameters and
metallicities. As can be seen, the absorption lines of
HD21581 and CS22892-052 are slightly weaker than
Sgr-136 and Sgr-180, respectively, despite their similar
metallicities. This is due to HD21581 and CS22892-052
being on average ∼ 300 K warmer than the two Sagit-
tarius members. HD216143 and Sgr-333 have nearly
identical absorption features and effective temperatures
(4600 K vs. 4546 K), validating our derivation of similar
metallicities ([Fe/H] = −2.24 vs. [Fe/H] = −2.10) for
both stars.
3.4. Carbon Abundances
We also derived a carbon abundance ([C/Fe]) for
each of our red giants from the CH G bandhead re-
gion (4275 A˚ to 4320 A˚) using standard spectral synthe-
sis techniques, analogous to our derivation of metallic-
ities from the Mg b line region in Section 3.3.2. The
line list for these syntheses included CH molecular line
data from Masseron et al. (2014) in addition to the
sources listed in Section 3.3.2. The [C/Fe] was varied to
find the best fitting synthetic spectrum while the [Fe/H]
was set to each star’s final metallicity value. The ran-
dom uncertainty in [C/Fe] was taken as the variation
in [C/Fe] needed to encompass the noise in the G band
region. The systematic uncertainties were determined
by re-deriving [C/Fe] after varying Teff , log g, and the
metallicity of each star by their 1σ uncertainties. All
these sources of uncertainty were added in quadrature
to derive a total uncertainty. Examples of our carbon
syntheses are shown in Figure 4. In Table 2, we present
our derived carbon abundances in addition to corrected
carbon abundances that account for the depletion of the
surface carbon abundance as stars ascend the red giant
branch (Placco et al. 2014).
4. RESULTS AND CONCLUSIONS
We present the metallicities and carbon abundances of
eighteen red giant stars in the Sagittarius dSph that were
identified as metal-poor candidates with publicly avail-
able, metallicity-sensitive photometry from SkyMapper
DR1.1 (Wolf et al. 2018). Notably, eight of these stars
are very metal-poor (−3.0 < [Fe/H] ≤ −2.0) and one
is extremely metal-poor ([Fe/H] ≤ −3.0), more than
doubling the known ∼ 5 very metal-poor stars in the
system (e.g., Hansen et al. 2018; Chiti & Frebel 2019)
and identifying the one of the first known extremely
metal-poor stars in the Sagittarius dSph2. This result
conclusively shows that even the most massive satellite
dwarf spheroidal galaxy, Sagittarius, has a metallicity
distribution function extending to the extremely metal-
poor regime as is also seen in other, less massive dwarf
spheroidal galaxies (e.g., Frebel et al. 2010; Theler et al.
2019).
Our detection of these very metal-poor stars in the
Sagittarius dSph aligns with theoretical expectations
that all galaxies should plausibly host chemically prim-
itive stellar populations. These stars would likely be
remnants from early generations of star formation (e.g.,
de Boer et al. 2015), or could plausibly originate from
smaller, more chemically primitive dwarf galaxies that
were accreted onto the system, both of which are pro-
cesses that should occur in the formation of larger dwarf
spheroidal systems. The previous scarcity of known
stars with [Fe/H] < −2.0 in the Sagittarius dSph was
then likely caused by its dominant stellar population
having a peak metallicity of [Fe/H] ∼ −0.5 (Mucciarelli
et al. 2017), which would render very metal-poor stars
in the system relatively rare. With our newly discovered
sample of very metal-poor stars, we can now investigate
the early chemical evolution of this system and compare
it with other galaxies.
One curious observed signature of our sample is that
none of the stars can be classified as carbon-enhanced
metal-poor (CEMP; [C/Fe] > 0.7) stars (see Figure 6).
In contrast, one prominent signature among old metal-
poor stars in the Milky Way’s halo is the increase of rel-
ative carbon enhancement with decreasing metallicity.
Around 20% of stars in the halo are classified as CEMP
stars when [Fe/H] < −2.0, and 43% of stars are CEMP
when [Fe/H]< −3.0 (Placco et al. 2014). Combining our
sample with the sample in Hansen et al. (2018) and Chiti
& Frebel (2019) results in 14 stars with [Fe/H] ≤ −2.0
in the Sagittarius dSph, none of which are CEMP stars.
There is a 4% probability of observing no CEMP stars
in a sample of 14 with [Fe/H] ≤ −2.0, if the Sagittarius
dSph had the same CEMP fraction as the halo. This
probability hints that the Sagittarius dSph may have a
lower CEMP fraction than the Milky Way halo in the
very metal-poor regime.
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Figure 3. Sample spectra over the Ca II K line at 3933.7 A˚ (top panels), the Mg b line region at ∼ 5150 A˚ (middle panels), and
the calcium triplet lines around ∼8550 A˚ (bottom panels). MagE spectra of Sgr-136 ([Fe/H] = −1.69) and HD21581 ([Fe/H] =
−1.56; Roederer et al. 2014) are shown on the left panels, Sgr-333 ([Fe/H] = −2.10) and HD216143 ([Fe/H] = −2.24; Boeche &
Grebel 2016) on the middle panels, and Sgr-180 ([Fe/H] = −3.08) and CS22892-052 ([Fe/H] = −3.08; Frebel et al. 2013) on the
right panels. HD21581 and CS22892-052 have slightly weaker absorption features than Sgr-136 and Sgr-180 due to their higher
(∼ 300 K) effective temperatures. HD216143 and Sgr-333 have absorption features of similar strengths, due to their proximate
metallicities and effective temperatures.
This possible discrepancy between the CEMP frac-
tions in the Sagittarius dSph and the Milky Way halo
may hint at some dependence of early chemical evolution
on the environment in which stars form. The CEMP
fraction in other dwarf spheroidal galaxies also appears
to be lower than the halo CEMP fraction when [Fe/H]
≤ −2.0 (e.g., Carina, Draco, Sculptor; Venn et al. 2012;
Kirby et al. 2015), although it may again increase when
[Fe/H] ≤ −3.0 (e.g., Chiti et al. 2018). Further targeted
studies of extremely metal-poor stars would be helpful in
further investigating this trend. A similar lack of CEMP
stars is observed in the Galactic bulge (e.g., Howes et al.
2015, 2016), also suggesting that early chemical evolu-
tion may not be universal. However, these discrepancies
do not invalidate the Milky Way halo being assembled
from the accretion of smaller galaxies, as the spread in
carbon abundances of stars in the Milky Way halo may
originate from a variety of galaxies that assembled to
form the halo.
We note for completion that metallicities derived from
the SkyMapper v filter are biased high for carbon-
enhanced stars, which can lead to them being ex-
cluded from our sample and thus artificially decrease
any CEMP fraction (Da Costa et al. 2019; Chiti et al.
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Figure 4. Left: The CH G bandhead region of our most metal-poor star, Sgr-180 (blue), compared to its best-matching
synthetic spectra (red). Synthetic spectra with carbon abundances offset by ±0.50 are shown as dashed orange lines, and
the continuum is marked as a dashed black line to guide the eye. Right: The same plot but with our most carbon-enhanced
star, Sgr-48, shown in blue. The best matching synthetic spectrum is again shown in red, and synthetic spectra with carbon
abundances offset by ±0.20 are shown as dashed orange lines.
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Figure 5. Histogram of the metallicities of our sample
of 18 our newly discovered members red giant stars. The
distribution peaks just above the very metal-poor regime
([Fe/H] = −2.0) with a tail extending to extremely metal-
poor ([Fe/H] = −3.0) metallicities.
2020). However, we emphasize that this selection effect
should be negligible for our sample discussed here. Due
to the weakening precision of the v band photometry
in SkyMapper DR1.1 at the magnitudes of these stars
(g ∼ 15 to g ∼ 17.5), our photometric metallicities
had large (∼ 0.75 dex) uncertainties. Any bias in the
photometric metallicities of stars at the CEMP thresh-
old of [C/Fe] = 0.7, after carbon-correction following
Placco et al. 2014, would have been lower than these
uncertainties (Chiti et al. 2020). Accordingly, the large
uncertainties in the photometric metallicities in our se-
lection procedure would supercede much of the bias
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Figure 6. Carbon abundances as a function of [Fe/H] for
stars in our sample. The plotted carbon abundances have
been corrected for the evolutionary state of the star following
Placco et al. (2014). The dashed line indicates a carbon
enhancement of [C/Fe] = 0.7, above which value stars are
defined as carbon-enhanced metal-poor (CEMP) stars.
against CEMP stars. We also note that the metallicity
distribution of our observed stars peaks above [Fe/H]
= −2.0, suggesting that our selection function does
select stars at higher metallicities than [Fe/H] = −2.0.
Accordingly, this suggests that stars with [Fe/H] < −2.0
with slightly artificially higher photometric metallicities
due to carbon enhancement would still have been se-
lected for our sample. As a result, our lack of detected
CEMP stars is likely independent of our target selection
procedure.
At a broader level, we demonstrate that dedicated,
wide-field searches for the most metal-poor stars in
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Table 2. Stellar parameters and chemical abundances
Name Teff log g [Fe/H]Mg [Fe/H]CaT [Fe/H]CaIIK [Fe/H]final [C/Fe] [C/Fe]corrected
a
(K) (dex) (dex) (dex) (dex) (dex) (dex) (dex)
Sgr-62 4530± 170 1.11± 0.30 −1.40± 0.36 −1.49± 0.22 · · · −1.47± 0.19 −0.53± 0.31 0.01± 0.31
Sgr-136 4400± 160 0.88± 0.25 −1.61± 0.37 −1.71± 0.17 · · · −1.69± 0.15 −0.73± 0.30 −0.08± 0.30
Sgr-141 4630± 160 1.30± 0.25 −1.89± 0.33 −1.74± 0.18 · · · −1.77± 0.16 −0.51± 0.33 0.04± 0.33
Sgr-157 5110± 180 2.26± 0.30 −2.00± 0.39 −1.80± 0.20 −1.64± 0.43 −1.81± 0.16 −0.37± 0.34 −0.36± 0.34
Sgr-162 4660± 200 1.37± 0.35 −1.96± 0.41 −1.79± 0.24 −1.66± 0.59 −1.81± 0.20 −0.36± 0.39 0.13± 0.39
Sgr-265 4450± 160 0.97± 0.25 −1.88± 0.37 −1.73± 0.20 −2.05± 0.32 −1.83± 0.15 −0.63± 0.31 0.02± 0.31
Sgr-225 4520± 160 1.09± 0.25 −2.02± 0.35 −1.85± 0.18 −1.52± 0.43 −1.84± 0.15 −0.72± 0.29 −0.08± 0.29
Sgr-48 4310± 160 0.69± 0.25 −2.02± 0.37 −1.81± 0.18 −2.09± 0.25 −1.92± 0.14 0.07± 0.21 0.56± 0.21
Sgr-182 5140± 170 2.33± 0.25 −2.14± 0.35 −1.95± 0.23 −1.76± 0.37 −1.95± 0.17 −0.44± 0.38 −0.43± 0.38
Sgr-91 4680± 160 1.40± 0.25 −2.12± 0.35 −1.98± 0.19 −1.94± 0.43 −2.00± 0.16 −0.41± 0.31 0.12± 0.31
Sgr-298 5170± 190 2.40± 0.30 −2.15± 0.33 −2.03± 0.20 −1.96± 0.36 −2.04± 0.15 −0.18± 0.40 −0.17± 0.40
Sgr-333 4550± 160 1.16± 0.25 −2.30± 0.31 −2.08± 0.18 −1.85± 0.44 −2.10± 0.15 −0.93± 0.34 −0.25± 0.34
Sgr-300 4440± 160 0.95± 0.25 −2.17± 0.35 −2.12± 0.18 −2.33± 0.20 −2.21± 0.12 −0.65± 0.30 0.11± 0.30
Sgr-81 4870± 170 1.77± 0.25 −2.53± 0.34 −2.18± 0.23 −2.57± 0.29 −2.37± 0.16 0.26± 0.29 0.48± 0.29
Sgr-198 4450± 160 0.97± 0.25 −2.45± 0.32 −2.40± 0.21 −2.59± 0.26 −2.47± 0.15 −0.98± 0.33 −0.20± 0.33
Sgr-69 4380± 160 0.83± 0.25 −2.79± 0.39 −2.43± 0.20 −2.64± 0.17 −2.58± 0.12 −0.73± 0.33 0.04± 0.33
Sgr-38 4680± 160 1.40± 0.25 −2.77± 0.36 −2.76± 0.20 −2.95± 0.27 −2.82± 0.15 −0.30± 0.43 0.23± 0.43
Sgr-180 4540± 160 1.14± 0.25 −2.98± 0.37 −3.07± 0.21 −3.13± 0.22 −3.08± 0.14 −0.85± 0.47 −0.11± 0.47
HD21581 4940b 2.10b −1.85± 0.32 −1.55± 0.18 · · · −1.60± 0.15 · · · · · ·
HD216143 4530c 1.10c −2.42± 0.32 −2.22± 0.19 −2.14± 0.36 −2.25± 0.15 · · · · · ·
HD122563 4612d 0.85d −2.70± 0.34 −2.60± 0.18 −2.78± 0.25 −2.67± 0.13 · · · · · ·
CS22892-052 4828d 1.35d −3.11± 0.37 −2.91± 0.19 −3.12± 0.23 −3.01± 0.14 · · · · · ·
aCorrected for the evolutionary state of the star following Placco et al. (2014).
bTaken from Roederer et al. (2014).
cTaken from Boeche & Grebel (2016).
dTaken from Frebel et al. (2013).
large dwarf galaxies are feasible using public metallicity-
sensitive photometry. As shown in Figure 7, all of our
observed Sagittarius dSph stars are notably distant from
the nucleus of the system (rh = 0.43
′ ± 0.08′; Bellazzini
et al. 2008), but lie within its main body (rc = 224
′±12′;
Majewski et al. 2003). Searches for the most metal-poor
stars in the outskirts of dwarf spheroidal galaxies could
be particularly productive, since at least some of these
systems are known to have metallicity gradients (e.g.,
Tolstoy et al. 2004). At face value, we unfortunately
cannot interpret the spatial distribution of our Sagit-
tarius dSph stars further to investigate, for instance, a
metallicity gradient, given our relatively small sample of
stars and qualitative selection function. However, such
work and more precise targeting of the most metal-poor
stars will be possible with the improved photometric
precision in future SkyMapper data releases (e.g., Onken
et al. 2019). At minimum, future high-resolution spec-
troscopy of these stars will derive their detailed chemical
abundance patterns. Such work will enable comprehen-
sive studies of the early chemical evolution and forma-
tion history of the massive systems that were accreted
to form Milky Way halo.
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Figure 7. Left: Color-magnitude diagram of our observed Sagittarius stars colored by their metallicities. Two 12 Gyr isochrones
with [Fe/H] = −2.0 and [Fe/H] = −1.5 from the MESA Isochrones & Stellar Tracks database (Dotter 2016; Choi et al. 2016;
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APPENDIX
A. VELOCITIES OF OBJECTS OMITTED FROM METALLICITY ANALYSIS
In Table 3, we present the coordinates, magnitudes, and velocities of objects that were observed in our program but
were omitted from Table 1. Sixteen of these were omitted as they were classified as non-members of Sagittarius, as
determined from their radial velocities (see Section 3.1). Three more of these objects had velocities consistent with
membership, but were excluded from further analysis to their being e.g., a spectroscopic binary, or having distorted
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hydrogen Balmer lines. These details are provided in the comments column of Table 3. Similar to the sample of stars
presented in Table 1, the uncertainty on the velocities of these stars is ∼3 km/s.
Table 3. Velocities of objects omitted from metallicity analysis
Name RA (h:m:s) DEC (d:m:s) g vhelio Comments
(J2000) (J2000) [mag] [km s−1]
Sgr-317 18:43:33.8001 −31:14:41.5383 16.02 −1
Sgr-105 18:49:00.7118 −30:55:59.5389 15.52 181
Sgr-87 18:49:38.4731 −30:17:13.1231 14.96 135 Has Balmer emission lines
Sgr-68 18:50:11.9385 −30:50:06.6329 16.08 10
Sgr-134 18:50:35.179 −31:47:22.3161 15.89 33
Sgr-179 18:51:11.3552 −28:54:55.0119 16.60 −132
Sgr-186 18:51:57.8331 −32:18:49.8092 15.79 74
Sgr-349 18:52:21.1407 −27:51:24.9048 16.46 −58
Sgr-127 18:55:53.378 −32:02:01.2355 15.93 25
Sgr-205 18:56:20.4976 −28:31:17.5376 16.18 −92
Sgr-177 18:58:29.6478 −28:50:05.0311 15.86 29
Sgr-249 19:01:22.094 −32:24:52.5733 17.67 177
Sgr-148 19:01:29.765 −31:36:43.6175 17.26 45
Sgr-7 19:01:43.3463 −29:08:25.4097 14.98 32
Sgr-115 19:01:48.7458 −30:54:30.8118 15.96 101
Sgr-170 19:03:29.5049 −31:01:38.7417 16.38 10
Sgr-228 19:05:16.2722 −30:11:05.3032 15.97 132 Distorted Balmer lines
Sgr-312 19:05:55.7122 −31:48:48.3383 18.04 126 Spectroscopic binary
Sgr-335 19:07:20.3496 −29:46:41.0352 16.15 188
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